Seismic velocities have been measured at confining pressures to 600 MPa for eight samples of sheeted dike rock obtained from Hole 504B during Leg ODP 111. The compressional-and shear-wave velocities are, in general, higher than the velocities measured in overlying dike rocks obtained from the hole during DSDP Leg 83. The velocity gradients observed in Layer 2C result from decreasing porosity with depth and increasing metamorphic grade. The laboratory-measured velocities of the Leg 111 dike rocks are similar to those of dike rocks reported for the Bay of Islands, Samail, and Troodos ophiolites.
INTRODUCTION
For over three decades, seismic-refraction studies have provided structural and compositional information on the nature of the oceanic crust in terms of velocity-depth relationships. Early three-layer models (e.g., Raitt, 1963 ) have evolved into detailed velocity-depth functions that commonly include velocity gradients in place of abrupt discontinuities (e.g., Kempner and Gettrust, 1982) . Detailed studies of the velocity structure of ophiolites (e.g., Salisbury and Christensen, 1978) support gradient models and provide a basis for the interpretation of refraction velocities in terms of petrology. Hole 504B, the deepest penetration to date into the ocean crust, sampled sheeted dike rocks that, based on logging velocities, comprise Layer 2C (e.g., Salisbury et al., 1985) . Deep Sea Drilling Project (DSDP) Leg 83 cored approximately 300 m of sheeted dikes and Ocean Drilling Program (ODP) Leg 111 cored an additional 212 m to a total depth of 1562 m below seafloor at this site.
The recovery of sheeted dikes at the depth of Layer 2C lends strong support to oceanic crustal ophiolite models and provides valuable samples for physical-property studies. In this paper, we present densities, elastic constants, and seismic velocities as a function of confining pressure for eight dike samples recovered during Leg 111. The laboratory measurements of velocities and densities are compared with similar measurements on sheeted dike rocks from the Bay of Islands, Samail, and Troodos ophiolites.
EXPERIMENTAL METHODS
Compressional-and shear-wave velocities (V p and \ s , respectively) were measured at confining pressures to 600 MPa using the pulse transmission method of Birch (1960 Birch ( , 1961 . Minicores were taken perpendicular to the drill core (horizontal relative to the surface), cut to right circular cylinders, and polished flat and parallel to within 0.008 cm. Typical sample dimensions after preparation are 2.54 cm both in length and diameter. Dry-and wet-bulk densities were determined, the latter of which are given in Table 1 , and from these values the bulk porosities were calculated. The velocities were measured with the rocks saturated. Pore pressure was kept low via a fine-mesh copper screen beneath a copper foil jacket which allowed for pore-fluid migration while the sample was subjected to varying confining pressure. Figure 1 is an example of velocity-pressure data with the curve fit from Wepfer and Christensen 1 Becker, K., Sakai, H., et al., 1989. Proc. ODP, Sci. Results, 111 Table 1 . These velocities were then used to calculate the following isotropic elastic constants: Poisson's ratio, bulk modulus, and shear modulus. Figure  2 shows V p and V s vs. pressure for all eight samples. Only the curve fits are shown in the figure to avoid clutter.
Laboratory studies of the effect of pore pressure on velocities (Christensen, 1984) show that increasing pore pressure lowers dike velocities only a few percent. Thus, unlike for the upper basalt layers, pore-pressure considerations are probably of secondary importance in dike rocks.
The rocks selected for the velocity measurements are relatively fresh, massive basalts with intersertal to subophitic textures. Plagioclase, clinopyroxene, and olivine form up to 10% phenocrysts in several samples. Subhedral Plagioclase constitutes up to 55% of the groundmass. Clinopyroxene (up to 50%) and magnetite (up to 10%) are also abundant in the groundmass. The olivine phenocrysts are commonly replaced by talc, smectite, magnetite, and saponite. The groundmass has extremely patchy zones of recrystallization. Some clinopyroxene is replaced by actinolite and chlorite.
Because of the patchy nature of the secondary minerals, estimates of volume abundances are unreliable. Hence, it is difficult to correlate the percentages of alteration products with velocities. Actinolite and chlorite are fast (Christensen and Wilkens, 1982) and are thus likely to increase velocities in regions where they are abundant. In addition, recrystallization will reduce porosity, which, in turn, increases velocities. The trend of increasing core density with depth (Table 1) probably reflects both increasing percentages of relatively fast recrystallization products as well as decreasing porosity.
DISCUSSION
Velocities measured at elevated pressures are important for estimating the in-situ properties of the sheeted dike rocks. At Layer 2 confining pressures (40 to 100 MPa) the samples studied have similar compressional-and shear-wave velocities, with the exception of Sample 111-504B-152R-1, 50-52 cm (Fig. 2) . This sample, which was taken from the vicinity of a chilled margin, has slightly lower velocities than the others because of its glassy matrix. W p vs. V 5 at in-situ pressures is shown in Figure 3 , along with lines of constant Poisson's ratio. Note that even through the sample from the chilled margin has lower velocities, its Y p / V s ratio is similar to those of the other dike rocks. A velocitydensity plot at 100 MPa for sheeted dikes drilled on DSDP Leg 83 and ODP Leg 111 is given in Figure 4 . The linear and nonlinear curves are those of Christensen and Salisbury (1975) for the DSDP basalts, and the nonlinear curve is required to fit the data. The velocities obtained from the Leg 111 samples are clearly higher than those of Leg 83.
Average laboratory-measured velocities, densities, and porosities of the Leg 111 samples are given in Table 2 , which also includes previous Hole 504B data (Christensen and Salisbury, where z is the depth in kilometers and r is the correlation coefficient. Thus, the general increase of velocities and bulk densities with depth, independent of overburden pressure, is due to increasing metamorphic grade and decreasing porosity with depth. The latter is borne out by downhole porosity and permeability measurements. .Circles and pluses are velocities measured while the pressure increased and decreased, respectively. The curve fit is from Wepfer and Christensen (1987) .
Ophiolites are believed to be onshore exposures of ocean crust, so laboratory velocity and density data from Hole 504B dike rocks should compare favorably with those obtained in ophiolite studies. In Figure 5 , velocities at 100 MPa confining pressure (appropriate for a depth of approximately 2 km below the seafloor) and densities of the Hole 504B dike rocks are compared with similar data for dikes from ophiolites. Several trends are evident in the Figure 6 plot of \ p vs. V s for the same samples:
1. The velocities of the Hole 504B dike rocks (V p from 6.2 to 6.7 km/s and V 5 from 3.15 to 3.75 km/s) match the high ophiolite velocities.
2. The velocity ratios of the ophiolite and Hole 504B dike rocks are similar.
3. The range of velocities measured for the Hole 504B dike rocks is much smaller than that found for the corresponding ophiolite rocks.
4. The velocity-density systematics of the Hole 504B dike rocks are quite different from those of the ophiolites (Fig. 5) . For given compressional-or shear-wave velocities, the densities of the Hole 504B dike rocks tend to be higher than the ophiolite densities, resulting in fairly distinct clusters of Hole 504B points on the Figure 5 velocity-density plots. Chemical analyses and petrographic studies of thin sections provide insight on the origin of this observation. Birch (1961) showed that W p is a function of density and mean atomic weight and that, in general, for a constant velocity, lower mean atomic weights correspond to lower densities. A similar relationship was found for V 5 by Christensen (1968) . Average mean atomic weights calculated from chemical analyses of Bay of Islands, Samail, and Hole 504B dike rocks are summarized in Table 3 . The mean atomic weights of the Bay of Islands rocks are similar to those of Hole 504B. However, some of the velocity-density differences between the Hole 504B and Samail dike rocks apparently are related to chemical variations.
Comparisons of Leg 111 dike petrography with that of the ophiolite dike rocks show that even though at a given depth the metamorphic grades are similar, the ophiolites commonly contain higher percentages of metamorphic minerals. In the higher- level ophiolite dike rocks, this alteration-along with relatively high porosity-has greatly lowered velocities. The abundant chlorite and actinolite in the lower ophiolite dike rocks apparently decreases bulk densities without reducing velocities. The greater abundances of secondary minerals in the ophiolite dike rocks can be explained by differences in the spreading rate. The metamorphism of dike rocks is probably related to high heat flow on the ridges before the crust moves to cooler flanks. Oceanic crust generated at rapidly accreting ridges will thus have less thermal and hydrothermal metamorphism than crust produced at slowly accreting ridges (Dewey and Bird, 1971) . The estimated spreading rate at Site 504 is rather high (Klitgord and Mudie, 1974) , which is consistent with the observation of relatively unaltered dike rocks at Hole 504B.
CONCLUSIONS
Compressional-and shear-wave velocities measured at elevated confining pressures are found to be higher for the sheeted dike rocks than the previously studied pillows and massive basalts at Hole 504B. A single glassy sample, however, indicates reduced velocities near chilled margins. The V^/V^ ratios and elastic constants of the dike samples are similar to those of the overlying basalts, and an intrinsic increase in velocity and density with depth is the result of decreasing porosity and increasing metamorphic grade with depth. The relationship between velocity and metamorphic grade is complex, because some minerals lower velocities whereas other raise velocities. Laboratory-measured velocities of the Hole 504B dike rocks are found to be similar to those from ophiolite sheeted dikes. Plots of V p and V x vs. density, however, reveal distinct differences between the Hole 504B and ophiolite samples. For a given velocity, Hole 504B dike samples have a higher density. This may be due in part to differences in chemistry, but also results from a lower concentration of metamorphic minerals in the Hole 504B rocks. This is explained by the formation of Hole 504B sheeted dikes at a fast spreading center which did not provide adequate time for extensive metamorphism to occur. (Christensen and Salisbury, 1982) (circles), Samail ophiolite (Christensen and Smewing, 1981) (triangles), and Troodos ophiolite (N. I. Christensen, unpubl. data) (pluses). Vs (km/s) 4.0 Figure 6 . V p vs. V 5 for Hole 504B and ophiolite dike rocks at 100 MPa (same symbols as Fig. 5 ). 
